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attacks, we suggest that the destruction in the years 2009-2012 of the Acacia sp. and Colophospernum
mopane dominated forest unexpectedly results from drowning through soil water logging associated to a
series of successive exceptional floods and abundant rainfall seasons. This result highlights the necessity
of transdisciplinary studies in understanding the autogenic functioning of the Delta as a prerequisite to
describe the effects of global change.
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Abstract

The flood-controlled Okavango Delta in Botswana is an endoreic alluvial fan system developing within the arid to semi-
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arid Kalahari Desert. The Delta sustains a unique association of ecosystems, from rivers to floodplains, riverine forests to
savanna forests. This complex environment is nearly pristine from anthropic activity but its preservation, especially in the
face of global change, requires a detailed understanding of the functioning and evolution of its ecosystems. In this work we
describe extensive tree dieback in the savanna forest of southern Chiefs Island, the largest permanently emerged island of the
Delta. While tree dieback is generally linked to drought, extreme temperatures, fire or increased biotic attacks, we suggest
that the destruction in the years 2009-2012 of the Acacia sp. and Colophospernum mopane dominated forest unexpectedly
results from drowning through soil water logging associated to a series of successive exceptional floods and abundant rainfall
seasons. This result highlights the necessity of transdisciplinary studies in understanding the autogenic functioning of the
Delta as a prerequisite to describe the effects of global change.

Keywords Forest dieback - Tropical Wetland - Flooding - Vegetation drowning - Southern Africa

Introduction drylands to the west and within the central part of many of

the tens of thousands islands that emerge from the flood-

The Okavango Delta in northern Botswana is an alluvial
mega-fan deposited in the Okavango Graben, an active tec-
tonic structure participating to the East African Rift System
(McCarthy 2013; Pastier et al. 2017). The Delta represents
a unique 18 000 km? sub-tropical wetland sustained by an
annual flood bringing water from the highlands of Angola
some 700 km to the North. This environment, enclosed
within the Kalahari desert, makes for an exceptional biodi-
versity organized within several ecosystems (Ramberg et al.

2006; Mendelsohn et al. 2010) (Fig. 1). The Okavango allu-
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vial fan can be separated in three main ecological compart-
ments: permanent swamps, mostly to the North and East;
seasonal floodplains in the central and southern parts; and
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I Géosciences Rennes, UMR-CNRS 6118, University
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plains. This biological hot-spot faces the combined effects
of global change and increasing anthropic pressure, and its
preservation requires a detailed understanding of its eco-
logical functioning. On the major islands emerging from the
wetlands, the vegetation is dominated by savanna forests, a
type of ecosystem known to be especially sensible to cli-

mate change (IPCC 2002). In general, forests are affected by [Xe¥ll

global warming which triggered a worldwide increase in tree
dieback, species migrations or population decrease (Jump
et al. 2017; Pietrykowski and Wo§ 2021; Hartmann et al.

2022). Factors of tree mortality linked to climate change [l

are mainly fire, drought, extreme temperature or increased
biotic attacks favored by climate-induced physiological
weakening of the plants (McGregor and O’Connor 2002;
Hartmann et al. 2022). Some longer term mechanisms such
as decreased seeding or complex interactions between fauna
and flora are also leading to forest changes (Xu et al. 2019;
Bush et al. 2020).

In this work we analyze the rapid decline — between 2006
and 2016 — of forest cover on Chiefs Island, the largest island
(about 5 000 km?) of the Okavango Delta. Indeed, while
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Fig. 1 Map of NW Botswana E22°
|

E25° E26°
|

showing the Okavango Delta
and the main locations dis-
cussed in the text. The areas
represented in green correspond
to permanently inundated
regions while the seasonal
swamps (in yellow) correspond
to the major extension of the
annual flood. The red dot indi-
cates the location of the area of
Fig. 4. Inset map of Africa: A
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pictures taken in the middle 1960th, show a dense savanna
woodland covering most of the island (Fig. 2), the present-
day landscape looks catastrophic, made of dead or barely
surviving standing trees emerging from a tangle of large
fallen trees (Fig. 2). The reasons for the destruction of that
forest are unknown and the question remains whether it is
a natural, although catastrophic evolution of the ecosystem
or if there is a link with global change or regional anthropic
activities.

Several products based on Landsat and Sentinel satellite
images exist to follow the global evolution of forest or land
cover. However very useful, these automatically generated
classification maps are dedicated to some forest types (such
as the European Tropical Forest Monitoring program (Van-

cutsen et al. 2021)) or lack the resolution to describe and
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monitor the evolution of complex environments such as the
Okavango Delta (for example, the data provided by the Uni-
versity of Maryland Global Land Cover program (Hansen

et al. 2022)) (Sup Fig. 1). In this study we thus rely on tree
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density measurements from high-resolution (< 1 m) satellite
images, description of soil stratigraphy and geochemistry as
well as flood and climate data analysis. We conclude that the
Dead Forest of Chiefs Island largely results from drowning
through soil water logging during an exceptional conjunction

@ Springer

of major floods and high rainfalls in 2008—2011. We show
that this event may have a strong influence on the ecologi-
cal evolution of the area and shortly discuss its potential
recurrence in the framework of the existing climate forecast
models.

Environmental Setting of Chiefs Island

With a length of about 75 km and a maximal width of about
12 km, Chiefs Island is the largest island in the Okavango
Delta (Figs. 1 and 3). Extending from S19.3° to S19.6 and
E22.9 to E23.3, the island lies in the axial part of the Delta,
and separates the alluvial fan into two compartments. To
the West, the Thaoge, Jao and Boro channels show a con-
trasted flood season — dry season dynamics (Fig. 1). The
permanently inundated area is restricted to the upper half
of the river system, mainly along the Jao River while the
Boro River is characterized by a seasonal floodplain that
can occasionally become totally dry as in 2019. To the East,
the Ngoga — Maunachira — Mboroga system is continuously
inundated, the rivers only showing small seasonal changes
(Gumbricht et al. 2004) (Fig. 1). The surface of Chiefs
Island is characterized by a complex network of abandoned
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Fig.2 Images of the vegeta-
tion on Chiefs Island. A, B and
C Images taken in 1964 (from
Biggs 1979) showing large C.
mopane and A. erioloba trees
in a savanna type forest. D
Aerial picture of the SW edge
of Chiefs Island showing the
wide strip of dead trees (mid-
dle) separating the riverine
forest developing along the edge
of the island (right) from the
“farmed mopanes” area (green
area to the left). E, F and G
Ground pictures showing the
standing and fallen acacias and
the surviving large mopanes
(images M. Jolivet, November
2021)

' Colophospernum mopane woodland
"sisland

paleo-channels, some of them several hundred meters wide.
These paleo-structures are generally sandy (either white
or reddish fine-grained sand) and support dryland types
plant communities (Biggs 1979; Heath and Heath 2009).
Although most of them are totally abandoned, some may
still be flooded during strong or extreme flood events, some-
times leading to the death of the trees they support through
drowning (Biggs 1979). Numerous ephemeral pools are
also present, ranging in diameter from a few tens to several
hundreds of meters. These are generally formed on clay-
rich soils and devoid of vegetation. Like many islands in
the Delta, the edges of Chiefs Island are characterized by a
dense vegetation classified as riverine woodland or marginal

Boro floodplain

: Chief’sisland

vegetation (Biggs 1979; Ramberg et al. 2006a). This vegeta-
tion ring includes several species of large trees such as Aca-
cia nigrescens, Acacia erioloba, Philenoptera violacea (rain
tree), Kigelia africana (sausage tree) or Combretum imberbe
(leadwood) as well as smaller bushes such as Croton mega-
lobotrys. The vegetation inside the island is of savanna
woodland type (as defined by Biggs 1979) or intermediate
between woodland mixed and acacia scrub types (as defined
by Heath and Heath 2009). Common species in that commu-
nity are Acacia hebeclada, Acacia erioloba as well as bushes
of Pechuel-loeschea leubnitziae (wild sage). Finally, large
areas within the southern part of Chiefs Island are covered
with Colophospernum mopane woodlands, some of them
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Fig.3 Landsat (from Google
Earth) satellite image show-

ing Chiefs Island and the main
channels as well as the location
of the three zones in which trees
have been counted (numbered
white rectangles). The white
star to the bottom right indicates
the location of the pool dis-
cussed in the text and illustrated
on Sup. Fig. 4

being strongly pruned by feeding elephants or other large
herbivores such as buffalos (Smallie and O’Connor 2000)
leading to the “farmed mopane” landscapes as described by
Heath and Heath (2009). Few taller C. mopane specimens
are preserved, associated to 5 to 15 m high dead acacias.
Although Biggs (1979) indicated that mopane trees were
restricted to the south-eastern part of theisland, our field
investigations in the Dead Forest on the western margin of
the island showed 10 to possibly 20 m high mopane trees
(of the “cathedral type described by Roodt 1992) indicative
of soil conditions favorable to their growth (Sebego 1999;
Makhado et al. 2014). In that area, mopanes are associated
to 5 to 15 m high acacias (those are all dead) (Fig. 2). Given
the growth rate of those two tree species, the c.a. 40 to 70 cm
stem-diameter specimens forming the Dead Forest must be
several tens of years old (possibly around 50 years) (Barnes
et al. 1997; Cunningham and Detering 2017).

Data and Methods
Tree Density Analysis

High resolution satellite images available in Google Earth
were used to map the variations in forest cover and in the
distribution of the tree species, both on Chiefs Island and
on key areas in the eastern part of the Okavango Delta. The
most represented trees on Chiefs Island, C. mopane and
acacias are deciduous, loosing their leaves during the driest

@ Springer

season which may induce bias in the counting procedure,
especially for small trees or in areas showing a high den-
sity of trees. In order to validate the approach, a 1 X1 km
quadrangle has been selected outside the Delta, in an area
displaying both a savanna type forest and some open bushes
— grassland vegetation (Figs. 1 and 4). The vegetation cover
in that area appears stable through time except for the natu-
ral growth and death of trees. Two Google Earth satellite
images were selected: i) July 2006, corresponding to the
approximate timing of the first available image on Chiefs
Island and showing trees with leaves and ii) September 2013
showing trees without leaves. For each image, trees and
major bushes have been manually geo-referenced using the
Google Earth application (Fig. 4). Using the QGIS software,
geo-referenced trees were then superposed to a grid (19x 19
cells of 54 x 55 m) and the number of trees in each grid was
calculated to produce a tree-density map for both periods.
The difference between the two density maps provides an
estimation of the errors in distinguishing trees and estimat-
ing their number (Fig. 4). Overall, the difference in counts
is 7% (111 points) and counting performed during the dry
season (no leaves) shows a higher number (1691 instead of
1580). When trees have leaves, some of the canopies — espe-
cially for the smallest trees and bushes — are merged while
trunks are easier to distinguish in the absence of leaves.
Alternatively, small bushes, especially in the open bushes-
grassland areas are harder to spot when free of leaves. The
final error on tree counting may be reduced by comparing
several images and spotting “missing” points.
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Fig.4 Approach validation.
Mixed savanna-forest and
bushes-grassland area selected
to test the tree-counting
approach (see location on

Fig. 1). Two images have been
selected, one showing trees
with leaves (July 2006) and the
second showing bare trees (Sep-
tember 2013). The two zoomed
images show pins referenc-

ing the location of each trees.
Pins with numbers indicate
corresponding trees on each
picture while pins with letters
refer to trees that are missing on
one or the other picture (purple
and orange circles). The graphs
with green cells represent tree
density maps derived from the
above counting. The number

of trees counted during the dry
season (no leaves) is higher by
7% than the number of trees
counted during the wet season
(leaves). The bottom graph is
the difference between the 2013
and 2006 density maps. The
difference in counting is mostly
due to the fact that individual
trunks are easier to distinguish
than merged canopies (see blue
cells on bottom graph). How-
ever, small bushes, especially
in the open grassland area and
along the edges of the savanna
forest area are easier to spot
when having leaves (see red and
orange cells on bottom graph)
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Based on the results obtained on the test area, manu-
ally counting trees on high resolution images can thus be
considered as a valid approach to quantify the evolution of
savanna-type forest cover. Seasonality, although inducing
errors when dealing with deciduous trees is not a major pit-
fall. The error margin on counting is of the order of 5 to
10% depending on the size of the trees and their density.
Indeed, the approach is limited by the capacity to separate
the individual tree canopies and could not be applied in
dense forests.

To estimate the variation in tree-cover density on Chiefs
Island, we selected three representative areas on the southern
part of the island where good-resolution (trees can be indi-
vidualized) satellite images were available over the period
2006 — 2018 (Fig. 3). Zone 1 is a 3.56 km? rectangle situated
on the western side of the island and including both the tree
ring along the Boro River floodplain and the central part of
the island. Zone 2 is a 2 km? rectangle on the eastern part of
the island, largely inside the central zone, crossed by a N-S
sometimes-flooded channel in its axial part. Finally Zone 3
is a 0.86 km? rectangle situated to the east of the island in the
central zone. The position of individual trees in Zone 1 was
determined on 5 images (2006, 2011, 2012, 2016, 2018) in
order to obtain the most complete evolution of the tree popu-
lation. Zones 2 and 3 were only investigated for years 2006
and 2016 for comparison. Most of the satellite images avail-
able on Google Earth were taken during late austral summer
to autumn when trees have leaves. Only the 2018 image,
taken in November shows bare trees (Fig. 5). By compar-
ing with field pictures taken in November 2021 (Fig. 2) and
showing large mopanes with few leaves and standing aca-
cia trunks, we decided to include in our counting all stand-
ing trees showing branches. This probably maximizes the
number of living trees. Each zone was then superposed to a
grid (19x 17 cells of 104 X 104 m for Zone 1; 24 x 7 cells of
105 % 105 m for Zone 2; 11 X6 cells of 94 x 130 m for Zone
3) and the number of trees in each grid was calculated to
produce tree-density maps (Fig. 6 and Sup. Fig. 2). Finally,
major surface features such as zones covered with small
bushes, pools or occasionally active channels (Zone 2) have
been mapped from Google Earth images to be superposed
to tree mapping (Fig. 5 and Sup. Fig. 3).

Soil Description and Major Elements Geochemistry

The soil structure, its lithology and its chemical composition
also play a major role in the development of the vegetation.
The occurrence of salt (mainly natronite) has long been doc-
umented on islands of the Okavango Delta (McCarthy et al.
1986), and a sudden rise in the alkalinity of the soil may
have an impact of the vegetation. Soil structure and lithol-
ogy (through permeability and porosity) control groundwa-
ter infiltration, both horizontally (infiltration of flood water)

@ Springer

and vertically (infiltration of rain water and rise of the water
table) (Ramberg et al. 2006b; Wolski and Savenije 2006).

Some studies have investigated the soil stratigraphy and
hydraulic properties in a few islands of the Delta (McCarthy
et al. 1991; McCarthy and Ellery 1994; Wolski and Savenije
2006). Detailed sedimentary logs are seldom published (Jol-
ivet et al. 2023, 2024) and to our knowledge none are availa-
ble on Chiefs Island. Similarly, no soil geochemistry data are
available, especially to document the potential occurrence
of salt. Finally, aside for some large-scale models, based on
remote sensing analysis (Milzow et al. 2009), the depth of
the water as never been measured and remains unknown.

In this study we investigated the lithology and stratig-
raphy of the soil in Chiefs Island through manual auger
drilling in three key areas of Zone 1 (Fig. 5). Samples were
collected about every 20 to 30 cm in each hole to build a
stratigraphic log (Fig. 7). The two first drill holes (DH-1 and
DH-2) were made in November 2021 at the beginning of the
rain season while DH-3 was done in July 2022 during the
dry season. Drill hole 1 (DH-1: S19.501790°/E23.181200°,
depth of 3:m) was situated close to the tree line bordering
Chiefs Island to the West, in a sandy area slightly higher
than the surroundings and mainly covered with wild sage
and grass. DH-2 (S19.501693°/E23.181999°, depth of 7 m)
was located further inside the island, some 80 m from DH-1
in a small depression showing an apparently more clay- (the
amount of clay is estimated visually in the field from the
cohesive behavior of the wet sediment) and organic matter-
rich (the amount of organic matter (OM) is evaluated visu-
ally from the color of the sediment) surface soil. Vegetation
was scarce, mainly represented by Orthanthera jasminiflora
and few grasses. The limit between the sandy area and the
depression was marked by bushes of C. Megalobotris and
acacias. No water was observed on the surface in the central
part of that depression at the time of drilling but the ground
had been plowed by elephants suggesting ephemeral occur-
rence of water during the rainy season (although none of the
high-resolution satellite images available on Google Earth
shows water). DH-3 (S19.505678°/E23.188336°, depth of
6 m), located further inside the island, was drilled on the
edge of a large pool containing water at the time of drill-
ing. The soil outside the pool area was sandy and over a
wide area surrounding the pool, vegetation was composed
of small “farmed type” mopanes pruned by elephants, some
grasses and few wild sage bushes. Inside the pool area, the
surface soil was again clay- and OM-rich and vegetation
was only represented, on the less frequently flooded edge,
by Orthanthera jasminiflora.

The major elements geochemistry of soil samples
collected along profiles DH-1 and DH-2 was analyzed
especially in order to detect a potential anomalous con-
centration of salt (NaCl and KCl) that could explain the
tree mortality. The carbonate concentration was also
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Fig.5 A and B Physiographic map of Zone-1 showing the distribu-
tion of the standing trees in 2006 (A) and 2018 (B). On Fig. 5A, the
black dots represent all the living trees. On Fig. 4B, the green dots
correspond to living trees on the outer vegetation ring, the red dots
correspond to the standing, leafless trees within the central part. The
red starts indicate the position of the drill holes. The brown areas

measured as a good indicator of root activity: CO, respi-
ration induces the production of carbonic acid that hydro-
lyzes minerals in the area of the ground were root activ-
ity occurs. This reaction is rapidly neutralized below the
root layer and carbonate precipitates, generally as nodules

are the regions corresponding to slight depressions without bushes.
The blue areas are the pools containing water in 2018. C and D two
images of the vegetation in 2006 and 2018 (with zooms on images
E and F) showing the near complete destruction of the forest. Note
the fallen trees (white arrows) and the still standing but leafless trees
(black arrows) on image F

(Retallack 2005). After being reduced to powder, samples
were analyzed at the French national Service d’Analyse
des Roches et Minéraux (SARM) in Nancy using an ICP-
EOS iCap6500 spectrometer. Data are summarized in
Table 1.
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Hydrology

Medium-resolution (10 to 30 m pixels) satellite images
such as Landsat or Sentinel products are valuable tools
to follow the dynamics of floods in wetlands, although
only the open-water bodies (drains, pools, lakes) and, to
some extend the low-vegetation floodplains can be rea-
sonably monitored (monitoring the flood propagation in
dense, high reeds or papyrus vegetation remains a chal-
lenge). Unfortunately no Landsat images are available

@ Springer

for the Okavango Delta for the years 2008 to 2012 and
the Sentinel-1 radar satellite was launched in 2014. As
a proxy to the intensity of the flood, water discharge
data from the Mohembo station situated at the entry of
the Panhandle (Fig. 1) were obtained from the Okavango
Research Institute online catalog (http://www.okavangoda
ta.ub.bw/ori/). Water discharge at the inlet of the Delta
does not directly determine the extent of the downstream
flooding as the propagation of the flood depends on the
intensity of the previous-year flood and rainfalls. Indeed,
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Fig.7 Sedimentary log of

the three drill holes made in
Zone-1. Note the absence of
carbonated nodules in DH-2
and the very sharp transition at
530 ¢cm in DH-3 between OM-
and clay-bearing sediment and
clear, white sand. See text for a
complete description

o Carbonated nodule
4 Clay soft pebble
o Oxides nodule

A Roots

=] Clay
Sand

[ Organic matter

a large volume of the flood-water infiltrates, refilling the
groundwater aquifer and only when the ground water
table reaches the surface does the surface flood propa-
gate farther (Gumbricht et al. 2004; Milzow et al. 2009).
However, the long-term evolution of water discharge at
Mohembo gives a first order information on the long-term
flood extent pattern. Daily measurements cover the period
from December 1974 to Mai 2022 but there are gaps in
the data from February 2010. Those gaps were “filled”
using linear regression between two adjacent points mini-
mizing the errors, although maximums and minimums in
the discharge pattern may be minimized and maximized,
respectively (Fig. 8).

Monthly rainfall measurements from 1970 to 2012 at
Maun airport (Figs.'1 and 9) were also obtained from the
Okavango Research Institute online catalog. Although
Maun is situated some 70 km to the South from the centre
of Chiefs Island and some local variations in precipitation
can be expected, this direct record is the nearest and most
complete available. Rainfall values from CHIRPS data
(Funk et al. 2014, 2015) were used to complete the Maun
airport rainfall data and provide a larger-scale precipita-
tion model for the Delta and Chiefs Island regions over the
period 1981 — 2020 (see the extend of the selected zones
for Chiefs Island and the Delta on Fig. 1). For comparison
with the measured data, the precipitation data from the

DH-3

CHIRPS pixel corresponding to Maun airport were also
extracted.

Based on daily records in Maun airport and the CHIRPS
data, annual rainfalls time-series have been calculated over a
calendar basis (January to December) as well as total rainfall
during the rainy season (Fig. 9). The duration of the latest
(generally covering the period from September to May with
some variations) has been calculated for each year consider-
ing that it corresponds to 3 or more consecutive months with
more than 3 mm of rain.

Results
Tree Density Analysis
Zone 1

A total of 7166 trees have been counted in Zone 1 for 2006
(Table 2). Based on observation of the satellite image, trees
were mostly present in sandy low areas including the water
pools and devoid of wild sage bushes. However, some of
those low areas probably corresponding to paleo-channels,
remain barren (down to tree densities of 0 per counting cell),
only covered with grass. The maximum density of trees (69
per counting cell (cc)) was obtained in the SE quadrangle
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Table 1 Major clements Somahs ves A203[Fe203] MO | NgO | CxO [Ma20| K20 | TIC2 [F208 | LOI | Tolal

geocherplstry of soil samples “ « % " « "3 % "3 % "3 % "3

XK from dril holes 1 and 2 Desection &k | 0.06 | 0.04 | 0.016|0.015| 0.03 | 0.03 | 0.02 | 0.03 | 0.02 | 0.10

DH1/0 96.64 | 1227 [ 0,323 | < LD.| 0.074 | D.075 | 0.025 | 0.204 | 0.084 |<L.D.| 1.76 | 1004
DHL/80 95908 | 1.56 |0.407 [<LD.| D09 | 0008 | 0008 | 0.248 [ 0104 |<LD.| 1.89 | 1002
DH-L/60 |9656|2228 | 0.607 [<LD.|0.142 | 0.124 | 0.027 | 0.266 | 0.136 (< L.D.| 1.88 | 100.0
DHL/122 |9538| 217 | 06 [<LD.|0.151|0.141 | 0.025 | 0.255 | 0.200 [<LD.| 218 | 101
DHL/150 |9271| 28 | 0.74 [<LD.|0.219 | 0.965 | 0.020 | 0.298 | 0.120 (< LD.| 29 | 100
DH1/184 |29.96 2190 |0.624 |<LD.|0.906 (2882 |<LD.|0.282 | 0.14 |<LD.| 428 | 807
DH-L/ 225 (9842 D73 (0194 (<LD.( 0474 | 0524 (< LD. | 0157 | OS7 (< LD.| 096 | $01
DHL/260 | 97.4 | 041 |0.104 |« LD.|0:032 (0.224 |<LD.|0.118 | 0.048 |<LD.| 065 | 99
DHL1/280 |96.18|0.446|0.112 (< LD.| 0.041 | 0,315 |<LD.|0.121 | 0.048 |<LD.| 0.74 | 100
DHL/TI8 9869 | 0.462 | 0.118 (< LD.| 0.035 | 0.198 < LD.|0.112 | 0.8 |<LD.| 08 |100.2
DH2/10 |96.24|0.684|0.221 [<LD.| 0,026 (0,044 |<LD.|0.181 | 0.078 | <LD.| 1.08 | 0B
DHR2/SD | 96.95|0.882|0.187 (<LD.|<LD.| 0.03 |<LD.|0.150 | 0.088 (<LD.| D82 | BR.2
DH27120 | 9788 |0.588 | 0.411 (< LD.|<LD.|<LD.|<LD.| 0.5 | 0.8 [<LD.| 049 | 99.2
DHR2/160 |57.92|0.784|0.180 (< LD.|<LD.|<LD.| 0,025 | 0214 [ 0.101 (< LD.| 0.86 | 100
DH2/220 | 9853 | Lo95 | 0.221 (< LD.| 0.032 | 0431 | 0025 | 0.247 | 0,128 (< LD.| D58 | 101
DHR2/260 |98.38|1072|0.228 [<LD.|0.058 | 0.033 | 0.02 | 0209 | 0.091 [<LD.| 0.69 | 100.8
DH2/910 |97.78|0.808 | 0.161 [<LD.|<LD.|<LD.|<LD.|0.168 | 0.088 | <LD.| 048 | BR5
DH2/850 | 978 | 0.565 | 0.105 (< LD.|<LD.|<LD.| 0008 | 0212 [ 0.001 |<LD.| D28 | 25
DH2/410 |97.89|0.507 | 0.101 [<LD.|<LD.|<LD.|<LD.|0.111 | 0048 |<LD.| 061 | 99.3
DH2/450 |97.74|0.325 | 0.085 (< LD.|<LD.|<LD.|<LD.| 507 |08 [<LD.| .75 | B9
DH2/510 |98.85| 05 |0.104(<LD.|<LD.|<LD.|<LD.|0.108 (0048 (<LD.| 011 | 99.7
DHR2/570 |96.39|0.332 0071 <LD.|<LD.|<LD.|<LD.|0.086 0021 (<LD.| 0.18 | 90
DH=2 § 88X 4| 03 |0055 |<LD.|<LD.|<LD.(<LD.| 0087 (0023 |<LD.| 17 | 99
DH2/680 |39.24|0.414|0.085 (<LD.|<LD.|<LD.|<LD.|0.137 | 0.088 | <LD.| 027 | 100.2
DH2/700 | 97.78| 027 | 0072 |<LD.|<LD.[<LD.|<LD.|0.114 | 0081 |<LD.| 042 | BEE

362
363
364
365
366
367
368
369
370
371
372
373

The number following the / in the sample names indicate the sampling depth in cm. <L.D. indicates val-
ues below detection limits. LOI Loss on ignition

Fig.8 A Daily discharge at
Mohembo from 1975 to 2022,

Daily discharche in Mohembo (1975 - 2022)
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of Zone 1 which generally showed a higher mean density
than the rest of the area (Figs. 6 and 10). To the West, the
external tree-ring separating the island from the Boro River
floodplain was difficult to distinguish from the rest of the
tree-cover, with a maximum tree density of 50 per cc. A
number of fallen tree trunks were visible in several of the
forested areas, but generally in a limited amount that could
correspond to the background mortality, although no infor-
mation exists on this.

In 2011, the total number of counted trees was 3064,
representing a 57% loss compared to 2006 (Table 2). The
formerly highly forested SE quadrangle displayed a major

@ Springer

loss, only reaching a maximum tree density of 30 to 35 per
cc (Figs. 6 and 10). On the contrary, the tree density in the
outer ring did not decrease, still reaching a maximum of 51
per cc.

In 2012, the total tree number falls down to 2293 (loss of
68% compared to 2006) (Table 2). The maximum density
in the SE quadrangle was 20 to 25 trees per cc while most
of the area situated east of the western outer tree ring was
barren (Fig. 6). In the latest, the tree density remained stable
or decreased only very slightly with a maximum between 45
and 50 per cc. However, from the images, most of the large
trees in that ring had also fallen, replaced by small bushes of
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Rainfall in Maun (1970 - 2020)
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Annual rainfall in Maun, Chiefs Island and the Delta from CHIRPS data (1981 - 2020)
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Fig.9 A Rainfalls measured at Maun airport from 1970 to 2012. The
blue curve corresponds to the monthly values while the red dots are
total annual rainfalls. The green data are the CHIRPS annual rainfalls
for the Maun pixel from 1981 to 2020. B CHIRPS annual rainfalls at
Maun (red), in the Chiefs Island area (blue) and for the whole Delta

probably acacias and C. Megalobotris (based on comparison
with the present-day vegetation and the rounded, coalescent
shape of the vegetation observed on the images).

area (green) from 1981 to 2020. C Total rainfall by rain-season calcu-
lated from the measured data in Maun and the CHIRPS data in Maun,
Chiefs Island and the whole Delta (from season 1990-1991 to season
2019-2020). See text for discussion

In 2016, the decrease in the number of trees was 77%
compared to 2006, with a total of 1627 trees. Most cell den-
sities were down to less than 10 trees per cc except on the
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Table 2 Total number of trees Sheetl
counted in the three zones for
each year
| ZONE 1 ZONE 2 ZONE 3
Years Number % loss Number % loss Number % loss
2018 2649 63
2016 1627 77 286 90 361 73
2012 2293 68
2011 3064 57
2006 7166 0 2781 0 1338 0
%loss indicates the percentage of trees loss compared to 2006. Note that the highest value
of %loss is reached in Zone-2 possibly because the considered area does not include parts
of the riverine forest
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Fig. 10 Analysis of the evolution of the number of trees in Zone-1. A
Physiographic map of Fig. 5, showing in pink the grid cells consid-
ered as the riverine forest separating the island from the floodplain.
The brown areas indicate the regions corresponding to slight depres-
sions without bushes. The blue areas are the pools containing water
in 2018. B Evolution of the total number of trees counted in Zone-1.
Note the major drop between 2006 and 2011 as well as the increase in
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2018 corresponding to the expansion of the riverine forest. C Com-
parison between the number of trees in the riverine (orange) and cen-
tral (red) areas. The number of trees in the riverine area is constant
from 2006 to 2016 and increases sharply in 2018 with the renewed
development of new species along the edges of the island. D Mean
number of trees by grid square showing the strong influence of the
riverine forest
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western outer ring were the maximum remained between
45 and 50 trees per cc, increasing in the SW corner of Zone
1, the small acacia and C. Megalobotris bushes taking over
from large trees (Fig. 6).

In 2018, most of the large trees inside the island were
dead, with tree densities mostly comprised between 0 and 5
per cc. However, the total number of counted trees increased
to 2649 (loss of 63% compared to 2006), for the density in
the western outer ring seemed to increase rapidly, reaching a
maximum of 116 trees per cc (Figs. 6 and 10). This increase,
still represented by small acacia and C. Megalobotris bushes,
was especially strong in the NW region of Zone 1.

Zone 2

A total of 2781 trees were counted in Zone 2 for 2006
(Table 2 and Sup. Fig. 2). Like in Zone 1, most of the trees
were situated in low sandy zones devoid of wild sage bushes,
still leaving some barren zones representing paleo channels
or ephemeral channels. Indeed, in April 2006, the zone was
crossed by a NW-SE channel showing flooding. In March
2021, several of those channels were flooded indicating that
they remain largely active (Sup. Fig. 3). Many trees were
bordering the channel active in 2006, an area which, in gen-
eral corresponded to the highest density cells (up to 50 trees
per cc). Zone 2 only touches the outer tree ring separating it
from the Mboroga River floodplain to the east. Like in Zone
1, fallen tree trunks were visible on the ground.

In 2016, only 286 trees were counted, representing a 90%
loss compared to 2006. Most cells had a tree density below
5 trees per cc except for one cell corresponding to the outer
ring that displayed a density of 25 to 30 trees per cc. Like
in Zone 1, those were mostly represented by small bushes,
probably again of acacia and C. Megalobotris. The channel
flooded in April 2006 was not active in February 2016 and
available satellite images only show the occurrence of water
in its northern part in April 2018.

Zone 3

In Zone 3, the trees were again clearly aligned along the
edge of paleo-channels or in low sandy areas devoid of
bushes. In 2006, 1338 trees were counted for a maximum
density of 55 to 60 trees per cc in a low area corresponding
to a paleo-channel (Table 2 and Sup. Fig. 2). Again, some
fallen tree trunks are visible on the ground, in a number
similar to that in the two other zones.

In 2016, only 361 trees were remaining (a loss of 73%
compared to 2006), with a maximum density of 15 to 20
trees per cc and most of the cells containing less than 10
trees. Most of the surviving trees were still lining the paleo-
channels and small bushes, probably of acacia and C. Mega-
lobotris started to grow in the NE corner of the area, the

closest to the outer tree ring bordering the Mboroga River
floodplain.

Soil Structure, Mineral Composition
and Geochemistry

The upper 40 cm of DH-1 were composed of fine-grained
dark-grey sand indicating the occurrence of OM (Fig. 7).
Although no rainfall was recorded during fieldwork or dur-
ing the previous few days, the sediment was wet on the sur-
face. Between 40 and 70 cm, the sediment was darker and
more cohesive indicating an increase in OM and clay. From
70 to 160 cm, the color of the fine-grained sand lightened
progressively and the cohesiveness decreased indicating a
decrease in OM and clay content. At around 130 cm and
150 cm a series of small (around 0.5 cm in diameter) carbon-
ated nodules (reacting to HCI) were observed. From 160 to
330 cm the fine-grained sand was pale-yellow to white, well
sorted, dry and showing no obvious evidence of OM or clay.
A few carbonated nodules were observed at 190 cm (0.2 cm
in diameter) as well as few centimeter-large “soft pebbles”
of cohesive clay-rich sand at 260 cm.

Although the surface soil around DH-2 seemed richer in
clay and OM than around DH-1, only the first 20 to 25 cm of
the profile showed grey to light-grey, cohesive fine-grained
sand suggesting a limited amount of OM and some clay
(Fig. 7). Soil humidity occurring on the surface decreased
rapidly within the first 50 cm. From 25 to 160 cm the sedi-
ment was composed of fine-grained, well sorted white sand
devoid of OM or clay. However, from 160 to 220 cm the
amount of clay increased again, first represented by small
brown “soft pebbles” then forming a cohesive and homo-
geneous sand-clay mixture. Humidity increased with the
increase in clay content. From 220 cm, the amount of clay
decreased to disappear completely around about 300 cm, the
sediment corresponding again to a white, well sorted fine-
grained sand. Humidity remained constantly high. From 410
to 430 cm, clay was again present in small quantity, the sand
being light-brown and more cohesive. From 430 to 630 cm,
the sand was white, well-sorted and the grain size increased
to coarse-grained. Living roots were present with evidence
of small oxidation traces (the sand was orange) probably
linked to their biological activity. Finally, between 630 and
700 cm the grain size decreased again to fine-grained sand.
Roots were still present and humidity was high (the drilling
had to be stopped because the sand was saturated with water
making it impossible to recover using the auger). This water
logged sediment marks the groundwater table which we con-
sider to be at a maximum depth given the drilling period at
the end of flood season and beginning of the rain season.

The sediment composition and architecture of DH-3
contrasted with that of the two others. From 0 to 100 cm,
the fine-grained sand was dark-brown, very rich in clay
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(high cohesion) and rich in OM. Humidity appeared around
30 cm, increasing downward. From 100 to 170 cm, the color
changed to lighter brown as OM decreased, the amount of
clay still increasing. Humidity was still present. From 170
to 380 cm, small carbonated nodules (0.1 to 0.5 cm) were
observed either dispersed within the clay-rich sandy matrix
or concentrated on small centimeter to pluri-centimeter thick
layers. Yellowish layers may have indicated the occurrence
of oxides. Organic matter remained low to absent. From 390
to 430 cm, the grain size increased up to medium-grained
sandstone. The OM content remained low except for some
few-centimeters thick layers containing “pebbles” of OM-
rich sand. Carbonated nodules were still present and a layer
of small, poorly rounded gravels (0.5 cm in diameter) was
observed at 420 cm. From 420 to 530 cm, the sand was
again fine-grained still containing a high amount of clay but
fewer carbonated nodules. The latests tended to be smaller
and more elongated than those in the upper part of the log.
Oxidation levels were visible, probably corresponding to
present-day root activity as suggested by the presence of root
fragments in the samples. The depth of 530 cm marked a
very sharp transition to white, very well sorted fine-grained
sand completely devoid of clay, OM or nodules. The log was
stopped at 600 cm, still in that white sand.

The geochemical composition of samples from DH-1 and
DH-2 reflects the differences observed in the soil structure
and first-order petrographic analysis (Table 1). In general,
the samples are largely dominated by SiO, with only a lim-
ited amount of CaO (maximum value of 2.88%) that matches
the presence of few pedogenic carbonate nodules. Na,O and
K,O values are also low (less than 0.03% and 0.3% respec-
tively) excluding the presence of salt even on the surface.
The K,O, associated to the low Al,O5 content (less than
2.3%) indicate the presence of clay, the highest values being
correlated with the highest LOI (loss on ignition) values that
correspond both to the de-hydration of clay and the burning
of OM.

In samples from DH-1, CaO concentration increases
slightly from 150 cm, reaching a maximum of 2.9% at
194 cm. This variation matches the occurrence of carbonates
nodules from 130 cm as well as the well-identified nodules
at 190 cm. This depth probably corresponds to the lower
limit of strong root activity, allowing for the carbonates to
precipitate. Jolivet et al. (2023) also indicated, from drill-
ings in Nxaraga Island, immediately west of the drilling
sites on Chiefs Island, that the first appearance of carbonate
nodules corresponds to the maximum level of the ground
water table. Samples below 194 cm also display a marked
decrease in K,O and AL,O; content and in LOI values. This
is consistent with the observed decrease in clay and OM
content below 160 cm. The simultaneous decrease in Fe,0;
and TiO, may corresponds to a decrease in the amount of
Fe-Ti oxides generally associated to OM.
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In samples from DH-2 most concentrations are low which
matches the observed absence of pedogenic carbonates as
well as the limited amount of clay and OM (LOI < 1% except
on the surface). The absence of pedogenic carbonates sug-
gests that root activity encompasses the whole lengths of
the profile. This is further supported by the occurrence of
leaving roots down to the base of the profile.

Flood and Rainfall Analysis

The annual flood that irrigates the Okavango alluvial fan has
been monitored at Mohembo station since 1933 and studied
for several decades (McCarthy et al. 2000; Milzow et al.
2009; Dauteuil et al. 2023). At the station, the high flood
occurs between April and May, while the low flood period
extends from October to November. Further south at the
latitude of Chiefs Island, these periods are shifted towards
July — August and December — January, respectively. The
flood intensity is multi-cyclic. A main cycle at 48 years for
the average annual flow is accompanied by a 17.5 years cycle
and a 7.8 years cycle both in the annual average and maxi-
mum flows (McCarthy et al. 2000; Mazvimavi and Wolski
2006). These cycles are related to several parameters includ-
ing tropical multi-decadal oscillations, water circulation and
temperature changes in the Atlantic (such as the El Nifia
current) and changes in temperature contrast between the
continent and Indian Ocean (Jury 2013).

Data from December 1974 to May 2022 compiled on
Fig. 7 show that following a high flood regime in the 1970th,
a low regime was installed during the 1980th — 1990th,
reaching its minimum between 1993 and 1998. From then
on, the flood intensity increased again, reaching a maximum
during the period 2009 — 2012, with a peak value in the
Okavango River discharge of more than 1100 m®/s in 2010
(Fig. 8), before declining again. The overall minimum flood
peak (maximum discharge just above 200 m?/s) was reached
in 2019, the flood not reaching the toe of the Delta near
Maun that year.

As shown on Fig. 9A, the annual precipitation values
measured at Maun airport are generally consistent with those
provided by the CHIRPS data for the pixel corresponding to
Maun. However some non-negligible discrepancies occur,
especially in the years 1992-1993 and 2008-2011. We have
no constrains on the accuracy of the measurements made
at Maun airport and cannot determine the reasons for the
observed differences between the two datasets. The on-site
measurements might be more sensible to local rainfall dur-
ing thunder-storms than the CHIRPS data that integrate
daily rainfalls with a resolution of 0.05° (c.a. 5 x5 km pixel).
Alternatively, the CHIRPS data assimilate ground station
data and the discrepancy between the two records might cor-
respond to periods when the Maun data were not provided to
the CHIRPS program. Figure 9B is a comparison between
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the annual rainfall at Maun, the Chiefs Island area and the
overall Delta (see Fig. 1). The values at Maun are generally
slightly lower than in the two other zones which have very
similar annual rainfalls.

Similarly to the flood, annual rainfalls in the Okavango
Delta are also variable with a peak value of 940 mm meas-
ured at Maun airport in 1974 and a lowest value of c.a.
200 mm either measured or calculated from CHIRPS in
1992, 1995, and 2019. However, a cyclic signal in those
data is less obvious than in the flood regime. It has been
suggested from measured data ranging from 1961 to 2003
that rainfall had increased until 1981 before decreasing
until 2003 (Parida and Moalafthi 2008). Large values have
been reached later, especially in 2010 (697 mm) and 2011
(706 mm) (Fig. 9A) but these measurements have to be
taken with caution as the CHIRPS data indicate values of
622 and 526 mm respectively. What is noticeable however
is the period 2008-2010. Annual rainfalls of 600 mm or
more are generally peak values, lasting only one year before
decreasing significantly the next year. Between 2008 and
2010, annual rainfalls remained around or above 600 mm in
Chiefs Island and the Delta, while slightly lower at Maun in
2008 and 2011.

Instead of considering calendar years, we calculated the
total rainfall for each rain seasons (Fig. 9C). While most
values fall between 300 and 500 mm/yr, the period 2008
— 2010 is again characterized by values above 600 mm in
the Delta and Chiefs Island. The value in the Delta remained
at 600 mm during the season 2010-2011 while in Chiefs
Island, the value slightly decreased to 540 mm. The period
2008-2011 thus represents the wettest period recorded since
the mid-1970th.

Discussion

The death of between 70 and 80% of the trees in the southern
part of Chiefs Island between 2006 and 2016, with 50 to 60%
of mortality between 2006 and 2011 reflects a major shift
in the savanna woodland type ecosystem characterizing the
largest island of the Okavango Delta (Table 2). Furthermore,
it is to be noted that no high-resolution satellite images are
available between 2006 and 2011, preventing a more detailed
analysis of the timing. The mortality measured in this study
might thus have been reached before 2011, implying very
high mortality rates. Finally, the riverine woodland vegeta-
tion forming the outer ring of the island was affected differ-
ently by the major stress event that killed the trees inside the
island. Indeed, the tree density data indicate that this area,
after loosing its large trees between 2011 and 2012 mainly
continued its development, with a noticeable increase in the
number of trees from 2016 to 2018 (Fig. 10). Vegetation in
that area separating the Boro floodplain from Chiefs Island is

more diversified, with a high proportion of C. Megalobotris
that commonly grow on floodplain margins and in riverine
forests (Heath and Heath 2009).

Several mechanisms that could explain the catastrophic
evolution of the forest cover inside Chiefs Island can be
excluded:

— No evidence of bush fire were observed on the fallen
trees and the extension of the Dead Forest would have
required major fires. Figure 11 shows the yearly extend
of bush fire in the area of Chiefs Island between 2006 and
2020, based on remote sensing MODIS data (Giglio et al.
2015). Although major fires affect the Okavango Delta
every year, Chiefs Island is relatively preserved and only
small areas have burned in 2012, 2013 and 2015. None
of the selected study areas have been affected by those
fires which correlates with the absence of field evidence.
Furthermore, locally trees have been dying through sev-
eral years which is incompatible with destruction by
fire. Finally, both C. mopane and acacias have a simi-
lar medium tolerance to fire (Barnes 2001; Burke 2006)
which would not explain why the formers seem to have
partly survived the major stress event while acacias did
not.

— Although the soil samples have been collected some 10
to 15 years after the death of the trees, chemical poison-
ing by salt deposited on the surface can be reasonably
rejected. The geochemical data obtained on soil pro-
files in Zone 1 exclude the occurrence of salt, either on
the surface or at depth down to 7 m. While dissolution
and rinsing by rain water may be expected on the near
surface, a salt concentration lethal to the relatively salt-
tolerant C. mopane (Makhado et al. 2014) should still be
detectable at depth. Furthermore, reaching such a con-
centration on the surface would need either the rise of
highly alkaline ground water such as the one observed on
several other islands (Ellery and McCarthy 1994; Bauer
et al. 2004; Ramberg and Wolski 2008; Dauteuil et al.
2021), or a massive dissolution — precipitation event. In
both cases traces of that salt should be found in the deep
sediment (Jolivet et al. 2023, 2024).

— No major drought event occurred during the observa-
tion period, the annual rainfall values and flood discharge
being equal or higher than during the previous decades.
Furthermore, C. mopane and acacias that represent most
of the savanna woodland species are resistant to drought
(Barnes et al. 1997; Barnes 2001; Makhado et al. 2014;
Krug 2017).

While extreme or extra-seasonal drought events are
generally seen as major drivers for forest dieback in semi-
arid climates, exceptional soil water logging and flooding
can also lead to major tree death (White 2007; Parolin and
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«Fig. 11 Maps of the yearly burned areas in the vicinity of Chiefs
Island from 2006 to 2020. The maps were compiled using the
MODIS monthly Burned Area product, with a spatial resolution of
500 m (Giglio et al. 2015). The colors correspond to the day of the
year surfaces were burnt. The red rectangles indicate the position of
the three zones used for tree counting. Note that, based on those data,
the 3 counting areas were not affected by fire during the considered
period

Wittmann 2010; Basak et al. 2015). Dieback of woody spe-
cies as been observed in the distal region of the Delta where
channels that had remained dry for several decades and had
been colonized by acacia tortillis woodlands, were suddenly
flooded in 2008/2009 and 2009/2010 (Wolski et al. 2012).
High resolution satellite images available on Google Earth
show that Chiefs Island is not the only place were large-
scale tree dieback occurred between 2006 and 2018. Sup-
plementary Fig. 4 shows the evolution of the forest along the
southern banks of the Maunachira River near the locality of
Kwai (Fig. 1) from 2006 to 2018. The 2006 image shows a
high density of trees bordering the river but during the major
flood event of 2010, a large area of the forest was flooded,
the water being still present in December 2010 (the date of
the picture). Flooding of that area probably also occurred
during the major flood of 2011 as the image taken in April
2012 still shows large pools in the previously inundated
zone. From Fig. 7, the 2009 flood was nearly as high as 2011
which suggest that the banks of the Maunachira River might
also have been flooded. In December 2010, most of the trees
in the flooded area were still standing, although most of them
were leafless. In April 2012, all the trees affected by flood-
ing — but a few exceptions — were still leafless (while those
outside the flooded area had leafs) and many logs had fallen
on the ground. The August 2018 image clearly shows that
all the trees in the area flooded in 2010 and most probably in
2009 and 2011 were dead, which we confirmed during field
work in July 2022. The dieback encompasses areas situated
immediately around the flood zone most probably showing
the extend of major soil water logging. Similarly, Supple-
mentary Fig. 5 shows the vegetation around a pool situated
in the central part of a large island immediately south of
Chiefs Island (Fig. 3), from 2006 to 2020. The November
2006 image has a relatively low resolution but numerous
trees are clearly visible around the pool. The next image,
taken in July 2011 shows that many of the trees were dead,
some logs already fallen on the ground. However, some large
trees had survived in the immediate vicinity of the pool. In
May 2012, only a few trees were alive along the southern
edge of the pool, while in June 2020, all of them were dead.

Based on these observations and the data described
above, we suggest that the exceptional floods of 2009, 2010
and 2011, associated to the constantly heavy rainfalls during
the 2008 to 2011 rain seasons generated unusual hydrologi-
cal conditions with large inundated areas and/or long-term

water logged soil. These extreme environmental conditions
caused the major tree dieback on Chiefs Island and in the
surrounding areas. Except for the sandy ridge of DH-1, the
soil of Chiefs Island that we investigated revealed a high
humidity content during the dry season (July 2022) or at
the very beginning of the rain season (November 2021). A
number of pools, including the one near DH-3 show surface
water on most available satellite images. Drill hole DH-2
had to be stopped at 7 m depth when reaching water satura-
tion providing indication on the water table level at the end
of the flood season and before the rain season. The flood in
2021 was very limited (peak discharge at about 300 m?/s at
Mohembo station) compared to the floods in 2009 — 2012
(peak discharge at about 1100 m*/s in 2010) (Fig. 8). How-
ever, the satellite image of March 2021 still shows a large
number of inundated channels on Zone 2, indicating that
water logging may occur even during those low-flood years
(Sup. Fig. 3). As shown above, the 2009 — 2012 high floods
were associated to high rainfall values (Fig. 9C). We suggest
that the combination over 3 to 4 consecutive years of high
flood leading to high underground water recharge during the
flood season (May to September), and heavy rain leading to
water saturation of the surface sediment during the rainy sea-
son (October to March), induced a prolonged water logging
(at least for 3 years without the usual water-table lowering
and surface drying linked to the flood receding) that was
lethal to the large trees. While acacias, and especially Aca-
cia erioloba have deep tap roots (Barnes et al. 1997; Barnes
2001), C. mopane is a shallow-rooted species, with most
of the roots between 20 and 120 cm from the surface (Smit
and Rethman 1998). Both tree species are well adapted to
drought. Acacias will favor deep sandy soil, using their deep
tap root to pump ground water during the dry season. C.
mopane will favor clay-rich, alkaline, poorly drained soils,
relying on its important shallow roots density to absorb rain
water and adapting its physiology during the driest season
mostly by loosing its leaves (Makhado et al. 2014). However,
if those trees are adapted to drought, they cannot sustain
prolonged periods of inundation as shown by the examples
described above along the Maunachira River. The ability of
flooding to kill large trees through root rotting and respira-
tion impeding has been long demonstrated (Davidson 1997;
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noted that the oldest trees are the most affected.

C. mopane is highly competitive and may survive short
periods of water logging (Krug 2017), which might explain
why some of the large mopane trees survived the prolonged
period of recurrent inundation from 2009 to 2012. Further-
more, since this is a shallow rooted species, the trees might
have benefited from a limited decrease in surface water
logging during the dry season. Acacias, with their deeper
tap roots did not have that opportunity, the groundwater
level remaining high from flood and rain recharge. Finally,

@ Springer

Journal : Large 13157 Article No : 1804 Pages : 20

MS Code : 1804

Dispatch : 16-4-2024 |

785
786
787
788
789
790
791
792
793
794



795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846

_###H#_ Page 18 0f 20

Wetlands _##t# A

the different vegetation in the western outer ring of Chiefs
Island, more adapted to riverine environments (as C. Mega-
lobotris for example) were less affected by the long-lasting
water logging conditions. While large acacia, mopanes or
lead wood trees growing in that area were killed, the other
species survived and started expanding toward the newly
created opened environment inside the island (Fig. 6).

The large-scale drowning event that affected the south-
ern part of Chiefs Island in 2009 — 2012 most probably had
a profound impact on the local ecosystem that remains to
be documented. The destruction of the initial savanna for-
est induced a high degree of selection within the tree spe-
cies. Acacias having disappeared from the central part of
the island, C. mopane is now taking over, making for a less
diverse flora. This in turn may have some implications on
the ecosystem: while C. mopane leaves are nutritious and
thus preferentially browsed by large herbivores (Makhado
et al. 2018), the loss of tree biodiversity may have an impact
on both the smaller fauna, the flora and the underground
micro-ecosystems. Finally, the loss of tree cover should
favor soil erosion (especially aeolian transport of sand)
and increase the ground temperatures, which in turn should
increase potential evapotranspiration (Wolski 2009) enhanc-
ing the local effects of global warming. Nonetheless, the
potential effects of climate warming on the hydrology of the
Okavango are still difficult to assess, maintaining uncertain-
ties on the ecological future of this hot-spot of biodiversity.
Based on a combination of satellite, meteorological and
river flow data, Jury (2013) demonstrated that in Africa the
period 1995 — 2010 has been noticeably wet compared to
the previous decades (as far as the 1950s), culminating in
the major rainfall and flood events of 2008—2010. In the
Zambezi system, the author relates the three folds increase
in rainfall observed between 1995 and 2010 to a stronger
land-sea temperature contrast (continental air temperature,
especially in the Kalahari increased) bringing more humid
air from the Indian ocean towards equatorial Africa and the
upper Zambezi drainage area. This large-scale model thus
suggest that an increase in continental air temperature should
result in larger rainfall and flood events. Oppositely, Wolski
et al. (2014) using a global atmospheric model coupled to
a hydrological model, concluded that anthropogenic emis-
sions in the atmosphere indeed increase the temperatures but
generally decrease rainfall over the Okavango drainage sys-
tem, limiting the intensity of the floods. Furthermore, higher
temperatures should strengthen potential evapotranspiration
which in turn will allow the permeable sandy soil of the
Okavango alluvial fan to dry faster, lowering the groundwa-
ter table and thus limiting the propagation of the next flood
(Gumbricht et al. 2004; Milzow et al. 2009; Wolski et al.
2014). Following that model, global warming should reduce
the probability of high floods. Although this would probably

@ Springer

affect the ecology of the Delta, it should reduce the forest
drowning effect described above, limiting soil denudation.

Conclusion

While most ecological studies looking at the effects of cli-
mate change in semi-arid savannas are investigating the
impact of increased temperature and drought conditions, we
advocate that drowning events should also be considered as
a major driver for the ecosystem dynamics. The Okavango
Delta wetlands represent a highly valuable hot-spot of bio-
diversity within the Kalahari desert. This ecosystem will
certainly be affected by global warming but its internal com-
plexity combined to the uncertainties in climate forecasting
models, make it difficult to distinguish between natural evo-
lution and induced changes. Indeed, the impact of regional
climate change might be masked behind natural variations in
flood and rain intensity, river avulsion mechanisms, surface
changes due to tectonic activity or autocyclic flora and fauna
dynamics. Is the rapid and massive death of southern Chiefs
Island’s forest an autocyclic mechanism or allocyclic mecha-
nism remains to be assessed. In any case, preservation efforts
in the Okavango Delta will require transdisciplinary studies
of its ecosystem and an increased effort in field monitoring
of both biological, climatic and geological indicators.
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